Global environmental changes are challenging the structure and functioning of ecosystems. However, a mechanistic understanding of how global environmental changes will affect ecosystems is still lacking. The complex and interacting biological and physical processes spanning vast temporal and spatial scales that constitute an ecosystem make this a formidable problem. A unifying framework based on ecological theory, that considers fundamental and realized niches, combined with metabolic, evolutionary, and climate change studies, is needed to provide the mechanistic understanding required to evaluate and forecast the future of marine communities, ecosystems, and their services.
Marine ecosystems are changing and the services they provide are threatened by global environmental changes.
Environmental changes can provoke evolution of species, affecting both the realized and fundamental niches of species.
Environmental change can drive evolution, but evolution can also affect environmental conditions. There is a need for a unifying framework that combines studies of evolution, metabolism, and climate change.
That framework should be based on ecological theory, on the study of the realized and fundamental niche dynamics, their spatial and temporal dynamics, and their potential response to environmental changes.
need to combine the study of evolution, together with metabolism and climate change, since a more realistic representation of the future of marine ecosystems and biogeochemical cycles can only be obtained at the intersection of these three fields. To study these interactions, a framework based on theoretical ecology that considers fundamental and realized niches, including their spatial dynamics and potential alterations in response to environmental changes, appears to be a promising approach. In the following sections we will first consider the intersection between evolution and climate change, then how microbial metabolism might interact with climate change, before commenting on the interaction of all three processes.
Evolution of Ecological Niches and Responses to Environmental Changes
The ecological niche concept considers how abiotic and biotic factors constrain the distribution of species and, consequently, is more informative than just focusing on geographic distribution patterns of populations [24] . The fundamental niche is the multidimensional environmental space under which a species can potentially persist in the absence of biotic interactions and dispersal barriers [25] . In contrast to the fundamental niche, the realized niche is the environmental space that a species occupies resulting from the tolerances of a species to environmental conditions, inter-and intraspecific biotic interactions, and dispersal barriers. Thus, the realized niche varies in space and time in response to biotic and abiotic factors. The fundamental niche is genetically determined but can change via evolution, horizontal gene transfer, or the acquisition of symbionts [24, 26, 27] . Theoretical ecologists (mostly terrestrial) have long studied the potential response of ecological niches to changing biotic and abiotic factors. Populations can respond to rapidly changing environmental conditions either by migrating to stay within the boundary conditions determining the ecological niches, or persisting locally in novel or changing environments via both phenotypic plasticity and adaptive evolution [29] .
Although range shifts via migration are commonly assumed as the main response of species following climate change [30] , it is becoming evident that migration alone frequently fails to explain the response of species to environmental change [31] . Early models have aimed at quantitatively predicting the adaptation capability of species in response to changing environmental conditions. The Lynch and Lande model [32] suggests that populations are able to persist by keeping a steady rate of adaptation. This rate of adaptation, however, has to keep up with the rate of change in optimum ecological conditions. The rate of adaptation is determined by the genetic variation, individual fecundity, effective population size, environmental stochasticity, and strength of selection. If that threshold is surpassed, the rate of adaptation cannot compensate for the rate of environmental change, causing a decrease in fitness, adaptational lag, and, potentially, extirpation [32] . In the Bü rger and Lynch model, a stronger fitness loss (or greater extinction risk) in response to a changing trait has been related to small effective population sizes [33] . Bü rger and Lynch concluded that a small population size is more prone to fitness losses due to the combined effects of genetic drift and demographic stochasticity. These models are tremendously informative, yet they are based only on a single trait. In reality, local adaptation and fitness are affected by multiple traits and the interactions among these traits might ultimately affect the rates of evolution [34] . Although the above-mentioned models have intrinsic limitations, overall they suggest that the species tolerating environmental changes better (i.e., able to adapt) will be those with large population sizes, large fecundity, large genetic variance. and short generation times [32, 33] . All of those are common features of most pelagic microbes [35] although not necessarily of other marine microbial communities, like those in subsurface sediments with their extremely long generation times [36] .
Contemporary evolutionary adaptation is recognized as a significant process at ecologically relevant time scales, with many examples of species, from microbes to fish, showing phenotypic evolution over just a few generations [13, 37, 38] . Early stages of contemporary speciation have been observed among populations within species subjected to strong selection [39] [40] [41] . This suggests that evolution takes place rapidly enough to impact ecological interactions and thereby ecosystem structure and function [42, 43] . According to theoretical predictions, the effects of evolution on ecology are most relevant when there is substantial variation in the traits under selection and when these traits strongly influence ecological interactions [44] . The growth rate of a population can occasionally be more influenced by evolutionary changes than by changes in environmental factors [44] , highlighting the potentially strong impact of evolutionary change on ecosystems. Thus, ecological processes affect adaptive evolution and evolutionary changes affect demographic and community processes. These observations stress the need to consider the mutual back-and-forth relationship between ecology and evolution to better understand and predict the present and future of ecosystems and their processes, particularly in the light of environmental and climate change.
Metabolism and Responses to Environmental Changes
An organism's metabolism is defined as the sum of all enzyme-driven chemical reactions within a cell [45] . The metabolism of marine organisms and communities is tightly linked with the ecosystem services they provide. Despite extensive evidence suggesting impacts on the metabolism and physiology of marine species by factors such as changing oxygen concentrations, stratification, and ocean acidification, most studies on the impact of climate change are based on the effect of changing temperature [9] . The main reason for the focus on temperature as a key variable in metabolism is the acceleration of all chemical reactions, including cellular biochemical reactions, with increasing temperature [46] . The universal temperature dependency (UTD) ecological theory created a common framework for physiology and ecology based on theoretical biochemistry and biophysics [47] . UTD theory asserts that the metabolism of organisms is a function of the body size and temperature and that this dependence on temperature is a universal thermodynamically driven phenomenon. Building upon UTD, the metabolic theory of ecology (MTE) was developed based on the dependence of respiratory processes on temperature and body size [48] . This theory placed metabolism as a cornerstone component within global elemental cycling, with the power to shape communities, ecosystems, and their services. MTE provides a mechanistic, quantitative, synthetic framework to determine the effect of individual organisms on the pools and flow of energy and matter in populations, communities, and ecosystems [48] .
The MTE predicts that photosynthesis and respiration, two of the most important metabolic processes, respond very differently to temperature [48] [49] [50] , due to their dissimilar activation energies (i.e., activation energy of respiration of 0.6-0.7 eV set by the ATP synthesis and activation energy of photosynthesis of 0.32 eV, determined by Rubisco carboxylation) [49, 50] . The MTE posits that heterotrophic metabolism increases more than gross primary production in the ocean in response to warming. This MTE prediction on the differential response of respiration and photosynthesis to temperature is conserved among heterotrophic and autotrophic taxa and scales to community levels [48, 49, 51] . Based on that, the MTE predicts that ocean warming will impact the efficiency of the ocean to act as a carbon sink by changing the balance between autotrophic and heterotrophic metabolism, which might have a critical feedback on marine community and ecosystem structure and global climate [52] . Growth in heterotrophic organisms also seems to respond differently to temperature when compared with metabolic rates in fish, which could affect both the efficiency of energy transfer as well as the shape of trophic pyramids [53] . This seems to be also manifested in how fisheries' catches respond to changes in temperature [54] .
In laboratory experiments, however, phytoplankton cultures have been shown to increase their carbon use efficiency within z100 generations in response to elevated temperatures [55] , which might dampen the decrease in C sequestration predicted by the MTE in response to warming [49, 50] . Also, a rather stable biomass-normalized gross primary production over a 20 C temperature gradient was recently reported from a geothermally heated stream, providing in situ evidence of a strong temperature-driven selection on photosynthetic traits in a natural community [56] . This implies that temperature-driven selection on metabolic traits within and among taxa controls how metabolic rates scale from populations to ecosystems, questioning ecosystem level predictions based on the effect of temperature on single enzyme kinetics. These responses to temperature in carbon use efficiency and photosynthetic traits also serve as examples of how adaptation in marine microbes (in this case thermal adaptation) might impact biogeochemical cycles and ecosystem structure and function in response to climate change. Although experiments indicate the potential for evolutionary change to mitigate effects of warming on carbon-use efficiency, we still lack evidence on whether this evolutionary change also happens within a food web where multiple intra-and interspecific interactions (not yet accounted for experimentally) are in play.
Combining Evolution, Metabolism, and Climate Change to Predict the Future of Marine Ecosystems
The application of ecological theory to the response of populations and ecosystems to environmental changes can shed light on the response of marine ecosystems to global climate change. Below, we describe some specific outcomes that can be derived from the application of theoretical ecology to marine ecosystems (Figures 1-5 ).
Looking Deep: Niches Will Change Not Only Latitudinally but Also with Depth
Increased temperature together with higher respiration rates (as predicted by the MTE) will decrease dissolved oxygen levels, and thereby expand oxygen minimum zones, towards deeper layers, with consequences on biogeochemical cycles due to the disproportional importance of these zones in the C, N, and S cycles [57] . This might lead to a decrease in the diversity and population size of zooplankton, provoking a niche reduction by forcing mesopelagic zooplankton to move up in the water column ( Figure 1 ) [58, 59] , decreasing their relative contribution to organic matter cycling in the deep ocean [60] . However, it is noteworthy that not only decreased activities and niches are to be expected, since the decrease in oxygen concentration will cause an expansion of activity/niches of suboxic or anoxic metabolisms and associated ecosystem services such as sulfide oxidation, sulfurbased organic carbon respiration, metal-based redox reactions, methane production, and consumption, etc. This example highlights the importance of studying the niche breadth of relevant marine species not only latitudinally (which is usually the case), but also over depth, since many important ecological and biogeochemical processes take place in the dark ocean [61] .
Climate-Related and Extreme Weather-Related Events
Climate models predict an increase in the occurrence of extreme weather events and increased fluctuations in weather conditions [1] . According to theoretical ecology models, an increase in the amplitude of environmental fluctuations might reduce the mean fitness of populations because of the increase in the average deviation from the optimum or realized niche ( Figure 2 ). There is substantial evidence indicating that thresholds in individual species and ecosystem responses to weather extremes are linked to altered ecosystem structure and function [62] . For instance, a marine 'heat-wave' event caused a strong decline in habitat-forming macroalgae and a tropicalization of fish communities in Australian waters [63] . However, we need to distinguish between weather-and climaterelated events. The example mentioned above is related to a sudden shift in the weather conditions (e.g., heat-wave), which triggered a sudden change in key organisms (e.g., kelp), referred to as 'ecosystem engineers', and subsequently, a new succession process. This gave rise to dominating species different from the species composition prior to this particular event (e.g., turf-forming algae dominating), drastically and rapidly changing the ecosystem structure.
Climate-related events, however, take place on longer time scales than weather events and are generally associated with poleward-flowing currents creating warming hotspots in the ocean. Poleward-flowing current systems facilitate the expansion of tropical corals and herbivorous fishes into existing temperate macroalgae communities, which are contracting faster than they are expanding, causing a community shift from macroalgae to corals [64] . At the same time, coral reefs are drastically declining in areas previously harboring extensive coral biomass and diversity [65] . While considerable attention is paid to climate-related tropicalization phenomena, theoretical ecology predicts that extreme weather events might play a key role in the evolutionary response of marine ecosystems to global environmental changes.
Importance of Peripheral Populations in the Ecology and Evolution of Marine Ecosystems
Populations living at the periphery of their realized niches are often under greater environmental stress or interspecific competition than those in the center of their realized niches [66] . Generally, the population density decreases from the center towards the periphery of a species' realized niche, and variations in abundance are known to impact evolution at the metapopulation level, affecting the way populations adapt to changes in the environment [67] (Figure 3 ). For example, changes in abundance can provoke migration asymmetries, resulting in the reduction or inhibition of local adaptation and fitness reduction in the periphery [68] , ultimately impacting the geographic limits of species. These lower fitness and genetic variations imply that peripheral populations will be more susceptible to environmental changes, particularly if their migratory abilities within their fundamental niche are limited due to competition with others. Therefore, the evolutionary responses to climate change are expected to be more pronounced in peripheral populations of realized niches [69] . Thus, peripheral populations appear disproportionately critical for the survival and evolution of a given species [70] and will play a major role in the interplay between migration and adaptation processes [14] .
Contemporary Adaptive Evolution and the Role of the Rare Biosphere
Adaptive evolution is controlled by the interplay between natural selection and genetic variability, where beneficial alleles favored by selection are predicted to increase in frequency, independent of Ecosystem-relevant shifts in geographic niche will not only occur horizontally (from 1 to 2) (e.g., latitudinal tropicalization observed in marine communities), but also vertically in the water column (from A to B) (e.g., expanding oxygen minimum zones will impact the vertical geographical niche of zooplankton, ultimately affecting the 'active carbon flux' and the sequestration of carbon in the deep ocean).
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whether they are new mutations or pre-existing, segregating genetic variants [71] . Adaptation from existing genetic variation has been suggested as the main process occurring when selection pressure shifts rapidly in response to fast environmental changes or colonization of a new habitat [72] , even for slowly evolving (sessile and/or long generation time) organisms such as trees [14] . A phenomenon used to explain the contribution of genetic variation to adaptation is 'conditional neutrality'. This term refers to an allele being neutral in one particular environment but displaying a fitness advantage in another [73] . Neutral alleles drift randomly until a shift in selection pressures makes them advantageous. This process favors fast, adaptive evolution to increase fitness in newly emerging conditions since these beneficial alleles are instantly accessible and at higher occurrences than de novo mutations [71, 72] . The idea of pre-existing variants within a natural population becoming beneficial under environmental changes during different times ('temporal conditional neutrality') has been recently put forward to address the interplay of demographic and adaptive evolutionary responses to Quaternary climate dynamics [14] . In the same way as a higher genetic variation within a species allows better response to selection, a higher genetic/functional diversity across species of the same communities might allow these communities to better respond to
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Figure 2. Example 2 of Specific Relevant Points/Outcomes That Can Be Derived from the Application of Theoretical Ecology to Marine Ecosystems: Selection Events Caused by Extreme Weather Events.
Climate-related events (e.g., ocean warming or de-oxygenation) take place over long temporal scales and in addition extreme weather-related events can occur and cause sudden drastic changes in key communities or ecosystem engineers, decreasing ecosystem maturity and causing a resetting of ecological succession that, on the way to resuming higher ecosystem maturity, might give rise to a different ecosystem structure and different temporal response to long-scale climate-related processes.
Trends in Ecology & Evolution, November 2019, Vol. 34, No. 11 1027 environmental change. This suggests that complex microbial communities forming hyper-connected metabolic networks might exhibit more plasticity, ultimately implying a primacy of functional diversity over genetic variability in controlling ecosystem services. Alternatively, instead of plasticity, taxa replacement might occur, which may lead to different community states and ecosystem functioning [74, 75] . Considering that the vast majority of genetic diversity in marine environments is present in the 'rare biosphere' [76] (i.e., the microbes persisting at extremely low abundances in a given community), it is possible that most genetic diversity follows the temporal conditional neutrality framework, implying a potentially fast evolutionary adaptability of marine ecosystems to environmental changes (Figure 4 ). This also implies that, from an evolutionary perspective, the study of the rare biosphere linked to environmental change and ecosystem processes deserves more attention, not only in marine systems but also in other environments harboring a rare biosphere with a high richness. Peripheral populations located at the edges of niches are predicted to present higher interspecific competition and environmental stress and lower population densities and local adaptability. We made a distinction between peripheral populations of nekton (i.e., organisms that can swim) and plankton (i.e., organisms that cannot swim faster than currents), because the inability of plankton to swim suggests that frequently fronts (where the edges of different water masses meet) will delimit the location of planktonic peripheral populations, and frontal zones can result in nutritional alleviation of limiting resources, which might counteract the predicted lower fitness and adaptability of peripheral populations of plankton. In contrast, the ability of nekton to swim allows them to more easily respond to different environmental factors via migration, but, being peripheral populations, they are probably more affected (unless they are also in fronts, where higher primary production will also potentially increase their fitness) than the planktonic counterparts.
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Functional Redundancy and Changes in Marine Ecosystems
Several studies suggest that different, coexisting microbes can perform the same function, indicating a high degree of functional redundancy in the marine environment [77] [78] [79] . In a recent global ocean analysis, combining phylogenetic and functional profiling, the distribution of functional groups in marine communities was found to be controlled by environmental conditions shaping metabolic niches [79] . A high level of oceanic functional redundancy has been suggested to be a consequence of diverse evolutionary processes such as adaptive loss of function and metabolic convergence accelerated by frequent horizontal gene transfer [79] . Similarly, model simulations suggest that function rather than phylogeny dictates biogeochemical gradients [80] . In contrast to this, evidence for low functional redundancy has also been reported [81, 82] . Clearly, the methodology used to define functional redundancy affects the data interpretation and ultimately the conclusion drawn in studies. Yet, the degree of functional redundancy of an ecosystem might not be a constant feature but might change in the future in response to climate change [83] . In any case, if high functional redundancy is a characteristic feature of marine ecosystems (as most studies presently suggest), changes in the phylogenetic composition in response to climate change might not necessarily translate into relevant shifts in function. This also suggests that a trait-based framework would be the best avenue to predict shifts in realized and fundamental niche dynamics (expansion, contraction) and in the resulting ecosystem services in response to climate change [84] ( Figure 5 ). In this respect, the 'trait driver theory', which integrates trait, metabolic/allometric, and Rank-abundance distribution of the species of two different populations (i.e., with and without rare biosphere) at the initial time (in blue) and abundance of these same species in response to the environmental change (in red). A community with a wider rare biosphere will generally have a higher adaptability to environmental changes because the higher genetic reservoir of the rare biosphere allows for higher probability of having the right genes/taxa/functions to adequately respond to the environmental change. species-richness-based approaches, is a novel framework to predict functional biogeography and the response of species/populations to climate change [85] .
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Taken together, the response of marine ecosystems to climate change will be linked to reductions or expansions in the realized and/or fundamental niche breadth of key species. For instance, the common denominator among the above-mentioned outcomes derived from the application of theoretical Each pair of blue and purple circles represents the fundamental and realized niche of a given population. A particular function will generally be performed by a group of populations whose realized niches overlap to perform that particular function. The extinction of one particular population due to environmental changes will cause different responses depending on whether a community has or has not functional redundancy. In the case of a high-functional redundancy community, three potential responses might occur: (1) the remaining population might expand their realized niche (within the limits of their fundamental niche) and occupy the niche left by the extinguished population, a process that will be greatly controlled by competition; (2) there is recruitment (immigration) of a new population (either from the rare biosphere or external communities) that occupies the same niche left by the extinguished population; or (3) there is an expansion of the fundamental niche of some of the remaining populations via adaptive evolution that allows fulfillment of the niche left by the extirpated population. In contrast, in the case of a community with no functional redundancy, the niche left by the extinguished population will not be covered, which will ultimately affect the community and ecosystem structure and that particular function/service. ecology to marine ecosystems is the change in niche breadths of populations. Thus, we suggest that a framework based on ecological theory focusing on fundamental and realized niches, their spatial dynamics, and their potential responses to environmental changes has the potential to provide insights into the composition of communities in the future ocean and the pace of biogeochemical cycles mediated by these communities. This framework will develop and benefit from empirical and theoretical studies on present and past shifts in fundamental and realized niche breadth in response to marine environmental changes. Studies linking our understanding of the metabolic potential (taking advantage of the development of multi-omic data) with rates of biogeochemical cycling and community composition and function in the marine environment in the light of evolutionary forces will also be of particular relevance. A better integration among these different fields of research will be important. Systems biology is a promising avenue to integrate genetic and functional information from communities to assess their role in biogeochemical processes, by determining ecological properties using metabolic networks and resolving ecological niches from multi-omic data [28] .
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Concluding Remarks
The climate is changing and marine communities and ecosystems are responding to those changes. Environmental shifts can cause evolution of species, affecting both realized and fundamental niches [86] . Local adaptation to environmental conditions is also occurring [87] . Since local adaptation is related to genetic diversity [88] , the loss of realized niche breadth might be linked to a loss of adaptive genetic diversity [89] . This will impact the evolutionary responses to climate change and the ability of a species to change both its fundamental and realized niche [90] . In turn, not only can environmental changes drive evolution, evolution can also impact environmental conditions. A dramatic example of such an interplay is the impact of the evolution of oxygenic photosynthesis on the evolution of Earth's systems. Simultaneously, these environmental changes are affecting the metabolism of marine organisms and their ecosystem services. Understanding how climate changes affect the metabolism of marine species is a major focus of marine ecological and biogeochemical studies. Still, the integration of the evolutionary niche dynamics and the study of the metabolic changes of marine organisms in the light of climate and environmental changes have received limited attention. We argue that the response of marine ecosystems and their services (e.g., elemental fluxes) will be a function of the response of key species to climate change, which will be linked to reductions or expansions in their realized and/or fundamental niche breadth. These modifications of the niches will, in turn, be controlled by differences in the environmental stressors and by the response of the organisms to tolerate or react to them. Environmental changes might presently occur faster than species with long generation times are able to adapt, while organisms with short generation times, such as microbes, are better suited to keep pace with environmental changes. Thus, we propose that a framework based on ecological theory that considers fundamental and realized niches, their spatial dynamics, and their potential responses to environmental changes, combining metabolic, evolutionary, and climate change studies, will provide the mechanistic understanding of how environmental changes affect the marine biota from genes to ecosystem services and from past times to the future to come (see Outstanding Questions).
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Outstanding Questions
How will the interaction and/or combination of local adaptation and migration affect marine ecosystem services in response to current and future environmental changes?
Is it possible to simplify the response of marine ecosystems and their services to climate change to just the response of a few key marine species (linked to reductions or expansions in their realized and/or fundamental niche breadth)? If so, which should those key species be? What should be the parameters needed to define/ select those key species?
How will these modifications of the niches of marine organisms be affected by differences in the environmental stressors and by the response of the organisms to tolerate or react to these stressors?
What can empirical and theoretical studies on past and present shifts in fundamental and realized niche breadth in response to marine environmental changes tell us about the future of marine ecosystems and their services?
How important is the link between metabolic potential and actual rates of biogeochemical cycling and community composition and function in the marine environment in the light of evolutionary forces?
